A lens system consisting of two electrostatic quadrupole triplets has been designed and constructed at the Radiological Research Accelerator Facility (RARAF) of Columbia University. The lens system has been used to focus 6 MeV 4 He ions to a beam spot in air with a diameter of 0.8 mm. The quadrupole electrodes can withstand voltages high enough to focus 4 He ions up to 10 MeV and protons up to 5 MeV. The quadrupole triplet design is novel in that alignment is made through precise construction and the relative strengths of the quadrupoles are accomplished by the lengths of the elements, so that the magnitudes of the voltages required for focusing are nearly identical. The insulating sections between electrodes have had ion implantation to improve the voltage stability of the lens. The lens design employs Russian symmetry for the quadrupole elements.
Introduction
For more than 15 years the Radiological Research Accelerator Facility (RARAF) of Columbia University has had a charged particle microbeam facility capable of irradiating the nuclei of individual biological cells with as few as one helium ion or proton [1, 2] . Initially, like the first microbeam by Zirkle and Bloom [3] , the beam was defined by a collimation system. The collimator consisted of two stainless steel apertures 12.5 mm thick: a 5-mm-diameter aperture and a 6-mm-diameter anti-scatter aperture, separated by 300 mm [2] . The collimator produced a beam of 6 MeV 4 He ions with a diameter of about 6 mm at the cells. Monte Carlo calculations indicated that about 7% of the particles scattered in the first aperture would pass through the second aperture, producing a halo about 8 mm in diameter. In addition, about 2% of the particles were scattered on the radial surface of the second aperture at large angles and consequently entered the cells at distances greater than 4 mm from the center of the beam.
We had essentially reached the lower limit of the size of the beam that can be produced by collimation due to increased scattering as the diameter of the collimators is reduced. In order to make the diameter of the beam smaller and eliminate the halo caused by scattered ions, we decided to develop a focused beam. There were many microprobes in use, mostly using magnetic quadrupoles for focusing [4, 5] . Most microprobes for physics applications use a single standard beam in each laboratory; however we need to change easily among different beam particles and energies. We chose to use an electrostatic system of our own design [6] because of two specific advantages:
1. Electrostatic lenses do not have the hysteresis inherent in magnetic lenses, allowing easy tuning and change between beams of differing ions and energies. 2. The field strength required for focusing the beam onto the target is independent of ion mass and charge for a given accelerating potential, thus making them ideally suited for heavy-ion beams from electrostatic accelerators.
Description

Design
The design of our electrostatic quadrupole triplet (Figs. 1-3 ) has a number of novel features.
One of the main features of the triplet design is that part of the alignment of the electrodes is accomplished by using four ceramic rods 10 mm in diameter and 300 mm in length for the entire set of three quadrupoles. Evaporating a thin layer of gold onto the cylindrical surface in bands creates the 12 positive and negative electrodes. The insulating sections between bands are the ceramic surface with reliefs machined at the middle and at each end of the section. At the ends of the rods and between each set of electrodes is a band that is grounded. The four electrodes are held in place at four points with clamps and spacers-at the ends of the rods and between each set of electrodes, all of which are ground planes. The clamps are V-block assemblies that are made of titanium. The titanium cross spacers set the distance between the rods and force them against the surfaces of the V-blocks. When assembled, the rods are held in place rigidly. Titanium was selected for the crosses and V-blocks because it is non-magnetic and its coefficient of thermal expansion closely matches that of the ceramic rods. The crosses have holes at their centers to transmit the ion beam.
ARTICLE IN PRESS
Thus alignment of the elements of each individual triplet lens is obtained through construction-the spacing of electrodes for successive quadrupoles by the locations of elements on the ceramic rods and the spacing of electrodes for each quadrupole by the titanium crosses and vee-block clamps.
Another notable feature of this quadrupole triplet design is the method by which the relative strengths of the individual quadrupoles are accomplished. Instead of making the elements of equal length and using different voltages to obtain the proper focusing, the lengths of the electrodes are such that the proper focusing will be obtained with essentially the same voltage on each electrode (V 1 EÀV 2 ). This avoids having the focusing strength limited by the voltage on a single pair of electrodes reaching the breakdown point.
The polarities and strengths of the quadrupoles in the sextuplet follow ''Russian symmetry'' [7] , i.e. the strengths and polarities of the electrodes follow the pattern (+A, ÀB, +C), (ÀC, +B, ÀA), where A, B and C are the strengths of the individual quadrupoles. This Russian symmetry of the quadrupole sextuplet yields equal demagnification in both focusing planes.
Calculations of the beam spot size for our lens geometry were made using the computer software General Ion Optic System (GIOS) [8] . The results of calculations of beam spot size as a function of object aperture diameter for a series of diameters of the angular divergence limiting aperture located at the entrance to the first lens were fit as a family of curves. The fit was used to generate plots of beam spot size as a function of the divergence aperture diameter (Fig. 4) . As can be seen, for a given emittance, there is a combination of object aperture and divergence limiting aperture diameters at which the beam spot size is a minimum. This combination gives the best particle transmission for that beam diameter. The graph also shows the smallest beam spot size that can be obtained by only reducing the object aperture size with a fixed divergence aperture. 3 . Photograph of the electrostatic lens components (L-R): V-blocks used to clamp the lens rods; assembled cross spacer; field shaping disc; inner (cross) and outer (ring) parts of the field shaping disc; and two halves of a cross spacer. Below these components is one of the ceramic rods for a quadrupole triplet. 
Construction and assembly
The components of the lenses have been machined to very high precision. The rods are made from Macor (Corning, Inc., Corning, NY), a machinable glass ceramic that has no outgassing and zero porosity. The rods were ground to a diameter of 10 mm76 mm and a straightness of 713 mm over their length, then machined to 300 mm713 mm in length. During machining, the distance of each electrode on each rod (including the ground electrodes between the quadrupole elements) was measured from one ''reference'' rod end, so that the positions of the electrodes from the reference ends on each rod were kept constant within 75 mm. The first and third quadrupoles have elements that are 51.83 mm long. The second (center) quadrupole has elements 96.34 mm long. The insulating section between the end of each quadrupole element and the nearest ground plane is 10.03 mm long (Fig. 1) .
Each titanium cross is made of two interlocking straight sections (Figs. 2 and 3 ). These pieces were ground and lapped to a precision of 0.4 mm in thickness to ensure the spacing between the rods. Holes 2.3 mm in diameter are drilled in the centers of the cross pieces to transmit the ion beam. The angle between the rods is set by the V-blocks, which are ground to an angle of 9070.21. A tapped hole at the center of each electrode is used for attachment of the voltage supply.
After machining, the rods were sent out for ion implantation of the cylindrical surfaces (see below). When the rods returned from the implantation process, the exposed insulating sections of the rods were masked. The sections that are the electrodes and grounds were plated over the entire cylindrical surface with a thin titanium ''adhesive'' layer and then with a layer of gold 1 mm thick using a sputtering technique to make the surfaces conductive.
The electrodes were assembled on a granite surface plate with a surface finish of 0.33 mm over four square feet. A special fixture was used to position the V-block and cross assemblies accurately. The V-blocks are adjusted carefully so that when the lenses are placed on the surface plate they have a deviation in camber (straightness) of less than 5 mm in any direction over their entire 300 mm length. A ground strap connects all the ground planes (Vblocks). When the lens is assembled, the center-to-center distance between opposing rods is 20 mm, resulting in a lens bore of 10 mm (Fig. 2) . The V-blocks and crosses do not form a smooth surface, making poor ground planes. In order to correct this problem, a thin aluminum cover was placed over the surfaces of the V-blocks and crosses that face electrodes (all but the two end faces). In order to fit closely around the four rods, the cover is made in three pieces: an inner cross that fits between the rods and two ring halves that cover the area outside the rods. The assembly fits into recesses on the V-blocks (Fig. 3) , making a smooth surface.
The lenses were installed in a stainless steel tube 2.5 m long with an inside diameter of 63.5 mm. At each end of each lens there are four screws that pass through the tube and are used to adjust the position of the lens in the tube. At the end of the tube near the focal point of the system a disc with a spherical surface on one side is attached to the outside of the tube. When the lens system is mounted on the beam line, the spherical surface sits in a mating support that forms a ball-and-socket gimbal, which allows the lens to be pivoted about its focal point for alignment with the charged particle beam.
To assemble the compound lens, a transit was aligned with the center axis of a large lathe by observing targets mounted in the head stock and the tail center of the lathe. The first quadrupole triplet was mounted in the stainless steel tube and then the tube was mounted in the lathe. Cross-hair targets were set in between the four ceramic rods at both ends of the triplet lens. The disc on the end of the tube was set to run true to the axis of the lathe within a few microns and the far end of the tube was supported in a steady rest that had been preset to the correct height. The mounting screws at each end of the lens were adjusted to align the lens with the center axis of the lathe as viewed through the transit. When the lens was aligned and locked in place, the targets were removed and the second triplet lens was mounted in the tube and the same cross hair targets mounted in it. Then the second lens was aligned in the same manner as the first.
Development
Several modifications to the initial lens design have been made during development. This initial prototype lens required the voltage to be brought up to the operating potential of 15 kV over several days. Even then there would be occasional sparking while increasing the voltage and even after reaching the desired voltage. The addition of another groove in the middle of each insulating section on the ceramic rods reduced this problem considerably (Fig. 5) . The surfaces of the ceramic rods where the crosses and V-blocks are attached were initially left bare but later were gold plated, as the electrodes are, to better define the ground planes.
Another modification was the implantation of 150 keV platinum ions on the surface of the ceramic rods to make them slightly conductive. These low energy ions have a penetration normal to the surface of about 220Å [9] and therefore do not affect the bulk resistivity of the ceramic. The ion implantation was performed by Dr. Ian Brown of the Lawrence Berkeley National Laboratory using a fixture we designed and constructed. This fixture rotates six ceramic rods through the broad ion beam and rotates each rod about its axis to produce uniform implantation over the entire cylindrical surface of all the rods. Halfway through the implantation process the rods were reversed to make implantation more uniform from end to end. The increased surface conduction helps to carry away charge from scattered particles that collide with the rods and reduces the electric field at the edges of each electrode, thus reducing electrical breakdown. In the final design, approximately 125 keV platinum ions were implanted in the ceramic rods at a fluence of 10 16 ions/cm 2 at the High Current Electronics Institute, Tomsk, Russia, producing a surface resistivity of about 10
12 O/square [9] . Under 30 Â magnification, there was no noticeable change observed in the smoothness of the surfaces of the insulators.
Beam optics
The charged particle beam is produced by the RARAF 5.5 MV Singletron accelerator (High Voltage Engineering Europa, Amersfoort, The Netherlands) The accelerator has a voltage ripple of less than 100 V peak to peak at a terminal potential of 3.75 MV. The RF ion source can produce beams of protons, deuterons and 4 He ions.
The beam transport and focusing arrangement are shown in Fig. 6 . The charged particle beam passes through a set of four adjustable slits that are used to limit the angle of the beam entering the 901 magnet that is used to bend the beam vertically upward. The magnet was designed to focus the beam in both directions, not just the bend plane, so that a circular beam spot can be produced at its focal point.
The object aperture is a set of two pairs of ground tungsten carbide rods, each pair at a slight angle from parallel (Technisches Büro S. Fischer, Ober-Ramstadt, Germany). By moving the pairs of rods in and out using stepper motors, the size of the aperture can be changed from o1 to 150 mm. The aperture is placed at the focal point of the 901 magnet.
For the focusing system to work predictably, the beam at the object aperture must have a known phase space property in which the angular deviation of a particle from the center of the beam is not correlated with position in the beam (an upright elipse being the simplest). To decouple the angular deviations of the particles from their positions without introducing a spread in energy, an X-Y electrostatic deflector was constructed and inserted just below the object aperture. The beam spot is considerably larger than the object aperture so that different portions of the beam spot are transmitted as the beam is deflected. The deflector design is very similar to that for the focusing lens except that there is only one set of four poles. The electrodes are driven by triangular waves from two pairs of power supplies operating at different frequencies selected to avoid repetitive positioning. Opposing electrodes are driven by opposite polarities. The operating voltage is about 2 kV peak to peak.
The entire length of the microbeam focusing system from the object aperture to the focal point is 3887 mm. The entrance of the first (lower) quadrupole triplet is 1559 mm from the object aperture and the distance between the two lenses is 1948 mm. A divergence limiting aperture is placed at the entrance of the first lens to define the angular acceptance of the system. The focal point of the lens system is 100 mm from the end of the last lens.
Scattering in the exit window of the beam transport system can increase the effective diameter of the charged particle beam, and it becomes more important with increasing distance between the sample and the surface of the window. The standard beam exit window on our system is a piece of silicon nitride 5 mm Â 5 mm Â 200 mm thick with a transmission window 1.5 mm Â 1.5 mm Â 500 nm thick (Silson Ltd., Northampton, UK). For ultimate focusing capability, a transmission window 0.25 mm Â 0.25 mm Â 100 nm thick can be used to reduce particle scattering to a minimum.
Results
In order to measure the diameter of the charged particle beam, we routinely use a ''knife-edge'' scan. A strip of thin material is moved across the beam in two directions orthogonal to each other using a stage with 0.1 mm resolution (Nano-LP200, Mad City Labs, Madison, WI). The material is thin enough to reduce the energy of the beam noticeably but not stop it, so that the transmitted ions still can be detected by a silicon surface barrier detector. Presently we are using strips of Havar foil 3 mm thick with the edges lapped to make them smooth and square. The ratio of the number of particles in the reduced-energy peak to the total number of particles indicates the percentage of the beam spot that has been occluded. A linear fit of the count ratio vs. stage position is made from approximately the 5% level to approximately the 95% level of the ratio and extrapolated to 0% and 100% (Fig. 7) . The difference in the stage positions at these two points is taken as the width of the beam in that direction. Fig. 6 . Diagram of the charged particle beam optics system. Maximum demagnification is achieved when the object aperture is aligned with the lens and the voltages on the lens elements are optimized. A computer algorithm is used to automate voltage adjustment in the search for the smallest beam diameter. Measurements of the beam width in the X and Y stage directions are taken with three sets of slightly differing lens voltages. The lens voltages are controlled by the computer using a digital-to-analog converter (DAC). The root mean square of the measurements in the two directions is taken as the beam diameter. A computer algorithm based on the simplex method of Nelder and Mead [10] calculates the slope of the surface to determine the next voltages to use. The last three measurements are used iteratively to calculate the next voltages to use. The voltage step size can be adjusted for a broad or fine search and termination limits are set for the minimum change in beam spot size and the maximum number of iterations. Voltages of about 9 kV are required on the lenses to focus 6 MeV Measurements were made of the sensitivity of the resolution (beam spot diameter) to changes in the energy of the ions (Fig. 8) .
To facilitate the measurements, the ion energy and bending magnet field were held constant and the voltages on the lenses were changed. Since the voltage required to focus a beam is directly proportional to the energy, the fractional change in lens voltage was the same as the change in beam energy would have been. It requires a 0.2-0.3% energy change (12-18 keV at 6 MeV) to increase the beam spot size by $50%. Measurements of the acceptance of the beam line optics were made by keeping the lens voltage and bending magnet field constant and varying the energy of the ion beam (Fig. 8) . The full-width of the acceptance at halfmaximum is less than 0.02% (1.2 keV at 6 MeV).
Discussion
Low-current physics microprobes typically have beam spot sizes in the range 50-100 nm [5] and are being pushed to 30 nm [11] and smaller; however, these beam spots are produced in vacuum. To focus the beam in air, a thin vacuum window is usually employed. Scattering in even a very thin window (e.g., 200 nm Si 3 N 4 ) increases the size of the focused beam spot. The effect of the scattered ions increases with distance from the exit window, making it important to have samples as close to the window as possible. A number of focused external charged particle microbeam facilities for biological applications are now in existence, several with sub-micron beam spot sizes. The beam spot size of the Columbia University microbeam is comparable to the smallest of these beams.
Several facilities use focused beams of light ions (protons and He ions). Among these are: LIPSION at the University of Leipzig (Germany), which has a ''hit accuracy'' better than 0.5 mm [12] ; the Physikalisch-Technische Bundesanstalt (PTB) microbeam in Braunscweig (Germany), which has a beam diameter of $2 mm (fwhm) [13] ; and the particle irradiation system SPICE (single particle irradiation to cell) at the National Institute of Radiological Sciences (NIRS) in Chiba (Japan) that can produce a beam spot approximately 10 mm in diameter [14] .
The heavy ion microprobe SNAKE (Supraleitendes Nanoskop für Angewandte Kernphysikalische Experimente) at the University of Munich (Germany) can focus beams of protons and heavy ions to a beam spot less than 0.5 mm in diameter [15] . Gesellschaft für Schwerionenforschung (GSI) in Darmstadt (Germany) has a heavy ion microprobe that focuses the beam to $0.7 Â 0.5 mm [16] . Both these facilities produce ion beams of light ions (protons and helium ions) in addition to beams of heavy ions.
Conclusions
We have developed a compound electrostatic quadrupole triplet lens system that has focused a beam of 6 MeV 4 He ions in air to a diameter 0.8 mm. The measured demagnification is 38, in good agreement with the calculated demagnification of 36. The quadrupole electrodes can withstand voltages high enough to focus 4 He ions up to 10 MeV and protons up to 5 MeV. The design of the quadrupole triplets is novel in that alignment, is made through construction and the relative strengths of the quadrupoles are accomplished by the lengths of the elements, so that the magnitude of the voltages required for focusing are nearly identical. The lens design employs Russian symmetry for the quadrupole elements. Additional adjustment of the lens voltages and lens alignment is expected to result in a beam diameter of 0.5 mm for an object aperture of 16 mm.
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